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HIGHLIGHTS

GRAPHICAL ABSTRACT

e Development of an integrated bi-
objective location-routing model
for multi-period humanitarian
relief operations.

® Modeling fuzzy demand and
exogenous recovery of the

transportation network.

e Development of a problem-specific
NSGA-II incorporating a repair
procedure and a linear
programming subproblem.

® Improvement in HV and IGD+
across small, intermediate, and
large instances compared with the
baseline NSGA-II.
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Disaster relief operations face demand uncertainty and time-varying accessibility
of transportation networks. This study proposes a bi-objective mixed-integer
linear programming model for integrated decision-making on depot location,
vehicle allocation, inventory, delivery, and multi-period routing. Demand is
represented using triangular fuzzy numbers and defuzzified through the expected
value method. Route conditions are modeled based on exogenous, scenario-based
network recovery using continuous performance levels and binary traversability.
The first objective minimizes a normalized combination of effective travel time
and cumulative shortage, while the second minimizes depot, transportation, and
shortage costs. To solve the problem, a problem-specific variant of NSGA-II is
developed, incorporating route-based encoding, a repair procedure, and a linear
programming subproblem. Results from 20 independent runs on 10 benchmark
instances demonstrate the method’s ability to generate non-dominated solutions.
Sensitivity analyses further confirm the effects of network recovery speed and
demand uncertainty. Compared with the baseline NSGA-II across five selected
instances spanning small, intermediate, and large scales, the proposed method
achieved higher mean HV and lower mean IGD+ in every instance; the differences
in both indicators were statistically significant.
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1. Introduction

Disasters simultaneously increase the demand for
essential supplies and reduce the accessibility of
transportation networks. Effective humanitarian
logistics therefore requires coordinated decisions on
relief-warehouse locations, vehicle allocation,
inventory, deliveries, and routing over time.
Independent planning of these decisions may
produce poorly located facilities, infeasible routes,
delayed deliveries, and excessive shortages. Two
major challenges are the imprecision of early demand
estimates and the changing condition of damaged
roads. Fuzzy numbers can represent demand when
reliable probability distributions are unavailable,
while a time-dependent network is required to reflect
gradual road reopening.

Previous research has examined optimization in
emergency logistics (Caunhye et al., 2012), integrated
facility location and network restoration (Sanci &
Daskin, 2019), and humanitarian location-routing
under uncertain demand and road closure (Temiz et
al., 2025). Nevertheless, the simultaneous
consideration of triangular fuzzy demand, period-
dependent network accessibility, accumulated
shortages, and integrated location-routing decisions
remains limited.

This study contributes by developing a bi-objective,
multi-period mixed-integer linear programming
model that jointly determines warehouse activation,
vehicle assignment, inventory, delivery quantities,
and routes. Unmet demand is transferred between
periods as accumulated shortage, while network
recovery is modeled as an exogenous scenario-based
process. A problem-specific NSGA-II is developed
using route-based encoding, a linear programming
subproblem, a feasibility-oriented repair procedure,
and inter-vehicle and inter-period mutations. The
contribution of these mutations is further examined
through a controlled paired comparison with a
baseline version.

2. Methodology

The post-disaster transportation system is
represented by a directed graph containing affected
areas, candidate warehouses, and intermediate
connection nodes. The planning horizon is divided
into discrete periods, and a homogeneous vehicle
fleet is considered. In each period, a vehicle is
assigned to at most one active warehouse, begins and
ends its route at that warehouse, and may serve
multiple affected areas. Split delivery is allowed.
Warehouse capacity, initial inventory, periodic
supply, vehicle capacity, road capacity, and
accessibility are limited, and unmet demand is
carried forward.

Demand for each area and period is expressed as a
triangular fuzzy number with lower, most likely, and
upper values. The expected-value method converts
fuzzy demand into an equivalent deterministic value.
Road damage is normalized within each benchmark

instance. Under each recovery scenario, a road is
passable when its normalized damage does not
exceed the cumulative recovery threshold of the
corresponding period. The thresholds are non-
decreasing; therefore, network accessibility cannot
deteriorate over time. A continuous performance
coefficient is assigned to each open road, and
effective travel time increases as road performance
decreases.

The first objective minimizes a normalized
combination of effective travel time and time-
weighted accumulated shortage. The second
minimizes warehouse activation, transportation, and
shortage costs. The constraints enforce demand and
inventory balances, warehouse and vehicle
capacities, vehicle assignment, route continuity,
delivery-visit consistency, road accessibility and
capacity, and subtour elimination.

Because the model becomes computationally
demanding for larger instances, a problem-specific
NSGA-II is used (Deb et al,, 2002). A chromosome
comprises a warehouse-activation vector, vehicle-to-
warehouse  assignments, and customer-visit
sequences for each vehicle and period. Intermediate
nodes are inserted during decoding through shortest
passable paths. Once the discrete decisions are fixed,
a linear programming subproblem determines
deliveries, inventories, and shortages. The repair
procedure activates at least one warehouse, corrects
invalid assignments, removes repeated visits within
each route, eliminates inaccessible visits, ensures
return to the origin, and resolves road-capacity
violations.

Half of the initial population is generated
heuristically and half through controlled random
generation. Uniform crossover is applied to location
and assignment components, while order crossover
is used for compatible routes. Standard mutations
include bit-flip, reassignment, swap, relocation, and
inversion. The proposed algorithm additionally
employs inter-vehicle and inter-period relocation
operators, allowing customer visits to move between
vehicles and periods.

Ten MDDVRPSRC benchmark instances (Anuar et al.,
2022) were extended to four periods. The base
experimental setting used fast demand arrival, base
demand uncertainty, and medium network recovery.
Each instance was solved in 20 independent runs
with seeds 0-19, a population of 40, 60 generations,
a crossover probability of 0.90, and a mutation
probability of 0.10. Performance was evaluated
through the number of non-dominated solutions
(ND), hypervolume (HV), IGD+, spacing, and
runtime.

3. Results and Discussion

The proposed algorithm produced non-dominated
solutions for all instances. Average ND ranged from
3.15 to 8.05, with the largest value obtained for
D9N30S10. The highest average HV was 0.90903 and
the lowest average IGD+ was 0.13493, both obtained
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for D4N30S10. D9N30S10 also achieved strong
performance, with HV and IGD+ values of 0.90683
and 0.13905, respectively. Average runtimes ranged
from 13.11 to 28.21 seconds. The empirical front of
DI9N30S10 demonstrated a clear trade-off: improving
humanitarian performance generally increased
economic cost, confirming the value of providing
decision-makers ~ with  multiple = compromise
solutions. Sensitivity analysis showed that recovery
speed affected both objective values and front
quality. Fast recovery produced the highest HV of
0.8874, although the objectives and IGD+ did not
change monotonically. This indicates that road
reopening interacts with route availability, travel
time, resource allocation, and shortage decisions.
Demand uncertainty also affected performance.
From the low to high uncertainty level, the economic
objective increased from 5174.11 to 5301.32, while HV
decreased from 0.8982 to 0.8205. Thus, under the
adopted fuzzy representation and defuzzification
method, greater demand uncertainty was associated
with higher cost and weaker objective-space
coverage.

The proposed algorithm was compared with a
baseline version in which only the inter-vehicle and
inter-period mutations were disabled. All other
components, parameters, and seeds were identical.
The comparison covered five instances: D3N8S3,
D7N18S7, D8N20S8, D8N22S9, and DIN30S10; each
was evaluated using 20 paired runs and a common
empirical reference front.

Across the five compared instances, the proposed
version achieved higher mean HV and lower mean
IGD+. For the three intermediate instances, IGD+
decreased by 84.55%, 79.01%, and 87.24%,
respectively.  Average ND  increased from
approximately 1.00-1.20 in the baseline to 4.40, 4.50,
and 6.05 in the proposed version. The exact paired
Wilcoxon test yielded (p = 1.91 X 1076) for HV and
IGD+ in the three intermediate instances; exact
paired tests for added small and large instances were
also statistically significant. The zero spacing values
frequently observed for the baseline did not indicate
better distribution because its fronts often contained
only one point. Overall, the consistent improvements
in HV and IGD+ across small, intermediate, and large
instances demonstrate the effectiveness of the
problem-specific mutations in improving front
quality and diversity.

4. Conclusions

This study presented an integrated humanitarian
location-routing model under fuzzy demand and
scenario-based network recovery and developed a
problem-specific =~ NSGA-II for its solution.
Computational results showed that the method
generated diverse non-dominated solutions within
manageable runtimes. Sensitivity analyses confirmed
the effects of recovery speed and demand
uncertainty, while the paired comparison
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demonstrated the significant contribution of the
proposed structural mutations. Future research may
consider heterogeneous fleets, multiple relief
commodities, endogenous road restoration,
additional uncertain parameters, real disaster data,
and comparisons with other multi-objective
algorithms.
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Table 5. Average results of the proposed algorithm
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Table 6. Mean and standard deviation of HV over
20 independent runs for all instances
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Table 7. Computational cost profile of the LP subproblem across three problem sizes
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Figure 2. Sensitivity of objectives to network recovery
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Table 8. Results of the recovery speed sensitivity analysis
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Table 9. Results of the demand uncertainty sensitivity analysis
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Figure 3. Sensitivity of objectives to demand
uncertainty.
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Table 10. Comparison results of the proposed algorithm and the Baseline Version
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Table 11. Exact validation of the humanitarian objective Z; for instance D3N8S3
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